Spermatogenesis is a tuned cascade of processes producing sperm; impairment of any phase of 22 this process can affect fitness of males. The level of impairment can be pronounced in hybrids 23 between genetically divergent populations. To explore the effect of hybridization on sperm quality 24 we produced F1 hybrids from 29 wild derived strains of two house mouse subspecies, M. m. 25 musculus and M. m. domesticus, which diverged 0.5 MY ago. The measured sperm quality traits 26 did not significantly differ between intrasubspecific crosses. Effects of intersubspecific 27 hybridization were dependent on sperm trait and cross direction. The proportion of sperm head 28 abnormalities was increased in F1 intersubspecific hybrids. The frequency of dissociated sperm 29 heads was increased in the M. m. musculus x M. m. domesticus (♀×♂) F1 but decreased in M. m. 30 domesticus x M. m. musculus (♀×♂) F1 hybrids, with the difference in medians being more than 31 180%. We deduce that the dissociated sperm heads trait is associated with the X chromosome and 32 modulated by interaction with the Y chromosome; nevertheless, the high proportion of 33 unexplained variance (55.46 %) suggests the presence of polymorphic autosomal interactions. The 34 reported differences in sperm quality between cross types may be highly relevant to male fitness 35 in zones of secondary contact between the two subspecies. The cross direction asymmetry in 36 frequency of dissociated sperm heads should favour the M. m. musculus Y chromosome. This is 37 consistent with the spread of the M. m. musculus Y chromosome in nature across the hybrid zone 38 between these two subspecies. 39 40
Introduction 50
Lower fertility in males due to abnormal spermatozoa has been reported in many animals including 51 humans, but its pathogenic causes, including genetic factors, remain largely unknown (Chen et al. 52 2016). Data from knockout mice suggest that numerous genes can impair spermiogenesis (reviewed 53 in Chen et al. 2016 ). In nature, the incidence of genetically induced abnormalities can be affected 54 due to hybridization between diverged populations in zones of secondary contact (Alund et al. 55 2013). Decreased sperm quality will tend to reduce, and improved sperm quality increase, the 56 spread of causal genes. The amplitude of abnormal sperm morphology changes will be modulated 57 by geographic standing variation, affecting gene flow at local scales. Nevertheless, in some traits 58 hybridization may reveal species-specific effects, affecting gene flow at wider scales along contact 59 zones. 60 The house mouse hybrid zone (HMHZ) between Mus musculus musculus and M. m. domesticus 61 whose genomes diverged 0.5 MY ago is among the best studied animal hybrid zones (Baird & 62 Macholán 2012). The zone stretches across Europe from Norway to Bulgaria; more than 2500 km 63 long, itis only 10-20 km wide. The enigmatic behaviour of the sex chromosomes has been especially 64 challenging to our understanding of the extent and causality of introgressive hybridization 65 (Albrechtová et al. 2012) . While introgression of the X chromosome is limited in comparison with 66 the autosomal loci Y introgression seems widespread along an 850 km of the contact in Central 67 Europe, and highly asymmetric: Y musculus invades the domesticus background, the converse being 68 extremely rare (Macholán et al. 2007 (Macholán et al. , 2008 (Macholán et al. , Ďureje et al. 2012 . 69 To explore the conditions of this Y chromosome spread in a wider context we earlier derived 31 70 recombinant lines from eight wild-derived strains representing four localities within the two mouse 71 subspecies (Martincová et al. 2019 ). These strains were first crossed within either subspecies and 72 subsequently reciprocally crossed to raise intersubspecific hybrids. The resulting F1 hybrid males 73 were scored for five phenotypic traits associated with male fitness. Hierarchical analysis of 74 reproductive traits in F1 hybrids with recombined intrasubspecific genomes revealed that body and 75 testis weights and sperm count differed on local scales (i.e. between localities and strains within 76 subspecies) but not at the intersubspecific level (Martincová et al. 2019 ). On the other hand, two 77 sperm quality traits (frequency of abnormal sperm heads (ASH) and frequency of dissociated sperm 78 heads from tail (DSH)) displayed Y-associated differentiation at the intersubspecific level. In both 79 cases the F1 hybrids with Y musculus performed better than the F1 hybrids possessing Y domesticus . 80 However, hierarchical model analysis suggested that the signal detected at the intersubspecific level 81 in ASH might be spurious, rather caused by interactions between one specific Y domesticus haplotype 82 and the X or autosomes in recombinant lines. 83 In this paper we explore the replicability and generality of the sperm quality observations for 8 Y Table   105 1 and can also be retrieved at https://housemice.cz/. Numbers of sires used to generate intra-106 and/or intersubspecific hybrids ranged between 1-18 (mean ± SD: 6.14 ± 4.69) and the numbers of 107 dams ranged between 1-15 (7.00 ± 4.49). In total, we scored 178 unique F1 males representing 34 108 domesticus × domesticus, 61 domesticus × musculus,42 musculus × domesticus and 42 musculus × 109 musculus crosses. Note, in all notifications of crosses, the female precedes the male (♀ × ♂). Each 110 male was derived from a unique pair of parents and their data are considered independent. 111 Vyskočilová et al. (2005) ). The frequency of dissociated sperm heads (DSH) was estimated from five 120 haemocytometer squares (mean number of sperm heads examined ± SD: 212.12 ± 88.00). Variation 121 in the sperm head shape (ASH) was treated as a binomial variable with heads classified either as 122 normal ( Fig. 1 . A, D) or abnormal ( Fig. 1 . B, C, E, F). The proportion of ASH used for statistical analyses 123 was estimated from 3 haemocytometer squares (mean number of sperm heads examined ± SD: 124 129.34 ± 52.01). All recorded phenotypic data are available in Supplementary Table S1 . 2015)). In mixed-effects models we asked 143 whether unequal numbers of sires and dams used per individual strain (see Table 1 The proportion of explained variance associated with fixed effects (cross type) and with unequal 152 contribution of sires and dams from the same strain was calculated using the approach described in 153 Nakagawa & Schielzeth (2013). In addition, we estimated parameters for fixed effects and standard 154 deviations for each random effect level. The parametric bootstrap was used to derive corresponding 155 95% confidence intervals.
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Results
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The arcsine square-root transformation failed to achieve normality for both variables (Shapiro-Wilk 158 normality test, P = 7.45×10 -5 for DSH and P < 2.20×10 -16 for ASH). Box-Cox power transformation 159 achieved approximations to normality. For DSH, the optimal λ was estimated as 0.09. The Table S2 .1. Parametric model fitting revealed that the model with random effects of strain identity 166 of sires and dams performed better than the linear model (ΔAIC = 6.29, P = 0.01; see Supplementary  Table 2 .2). Results of post hoc comparison of pairwise differences in frequencies of DSH in the 168 mixed-effects model are summarized in Supplementary Table S2 .3 and visualised with letters in Fig   169   2 . Two patterns emerge from the results. The mean frequencies of DSH did not significantly differ 170 between intrasubspecific crosses being respectively ~10% and ~12% in the domesticus and musculus 171 F1 hybrids. However, the intersubspecific crosses displayed significant differences depending on 172 cross type. The numbers of DSH were ~8% in domesticus × musculus and 15% in musculus × 173 domesticus males and the medians of DSH differ by more than 180% between them becoming highly 174 significant (Tukey post hoc comparison, P <0.001). The explained fraction of variance attributed to cross type (fixed effects) in DSH was 23.41%, the 181 fraction of variance attributed to strain origin of males was 12.35% and 8.77% to females and the 182 proportion of unexplained variance was 55.46%. 183 Frequencies of sperm head abnormalities in F1 hybrids are shown in Fig. 3 Supplementary Table S2 .4 and shown with letters in Fig 3. The incidence of abnormal heads was 187 almost the same in the intrasubspecific musculus and domesticus hybrids, reaching 6.98% and 188 7.10%, respectively. Hybridization increased ASH frequencies in both intersubspecific hybrids, 189 though only the difference detected in the domesticus × musculus males was significant (ASH = 190 10.00%) and the musculus × domesticus males were intermediate (ASH = 8.13%). Males with 191 severely deformed sperm head prevalence were rare: only 4 males (2.24%) displayed abnormal 192 heads in frequencies higher than 50%, all of them originating from the musculus × domesticus cross. advantage that would be required to explain the Y musculus spread in the HMHZ. Hence, it seems that 230 the incidence of ASH can be increased in intersubspecific mouse hybrids, but these effects appear 231 polymorphic, with their occurrence conditioned by specific genotype(s). 232 For ASH genetic correlates between the sex chromosomes and sperm head abnormalities are well 233 established (e.g. Ellis et al. 2005 , Good et al. 2008 , White et al. 2011 , Cocquet et al. 2012 & Nachman 2014). However, these effect are not sex chromosome exclusive. In a laboratory 235 congenic strain, B10.M, a high incidence of sperm-head morphological abnormalities was mapped 236 to chromosomes 1 and 4 and no signal was detected on the X chromosome (Gotoh et al. 2012) . 237 As far as we know, only one study has analysed genetic correlates for DSH between intersubspecific 238 F1 hybrids (White et al., 2011) . They found increased DSH incidence in musculus × domesticus F1s 239 (represented respectively by wild-derived strains PWD and WSB) and this increase was more than 4 out mice demonstrate that the SPAG4 itself is not essential for the formation of the sperm head-to-260 tail coupling apparatus, nevertheless, SPAG4 is required for tightening the sperm head-to-tail 261 anchorage (Yang et al. 2018) . Surprisingly, none of the genes noted above are located on the sex 262 chromosomes, and only two autosomal genes (Odf1 and Ppp1r16a) lie within the intervals identified 263 for QTLs of DSH (White et al., 2011) . This suggests that other sex chromosome-linked loci that can 264 affect the tightness of sperm head-to-tail bonds remain to be determined. 265 The mechanism causing asymmetry in DSH frequencies between two types of intersubspecific 266 hybrids might be considered in evolutionary context as a result of an arms race. The developmental 267 environment of sperm in a male's epididymis contains proteins encoded by genes on both the male's 268 X and Y chromosomes (though there are many more genes on the X chromosome). Any gene in the 269 non-recombining X could increase its copy number in progeny of the male by selecting against Y-270 bearing sperm. One way to do so would be to encode a DSH promoter in the epididymis. A DSH-271 promoting X chromosome that also gives sperm carrying it (the same X) resistance to the promoter 272 will win an X|Y arms race for passage through the epididymis. Y-bearing sperm will suffer 273 disproportionate DSH until they gain 'resistance' to this X chromosome strategy -for example by 274 increasing their own resistance to the DSH promoter. Such arms races are not uncommon in the 275 house mouse (Cocquet et al. 2009 , 2012 , Ellis et al. 2011 , Larson et al. 2017 and are, very likely, 276 long-term features of the evolutionary process. Suppose, when the populations giving rise to 277 musculus and domesticus were split (0.5 MYA), an on-going X|Y arms race in the epididymis was 278 also split, following independent trajectories for half a million years before secondary contact (in 279 both nature and laboratory crosses). It is highly unlikely that the arms races will come together in 280 identical states. Coupled higher DHS promoter levels and resistance levels in Mus would be 281 consistent with our observed results: Y musculus sperm in a domesticus X epididymis combine high 282 resistance with low promoter levels: low DSH. Y domesticus sperm in a musculus X epididymis combine 283 low resistance with high promoter levels: high DSH. This hypothesis has a testable prediction: DSH 284 sperm should tend to be Y-bearing, not X, and a fluorescence in-situ hybridization protocol probing 285 X and Y chromosomes can address this question. Finally, we note the hypothesis is consistent with 286 both the Y musculus invasion across the HMHZ and its associated distortion of the trapping sex ratio: 287 ubiquitous low levels of X-induced DSH within each taxon would be consistent with female-biased 288 sex ratios in 'pure' populations (Macholán et al. 2008 ). If the 'Y musculus sperm in a domesticus X 289 epididymis combine high resistance with low promoter levels' case eliminated DSH the prediction 290 would be sex ratio parity -as observed in Y musculus introgressed populations (Macholán et al. 2008) . 291 A higher incidence of tailless sperm can also result as a consequence of sperm manipulation after 292 its release from epididymis. For example, in patients in which semen analysis was normal, a minimal 293 micromanipulation for ICSI resulted in decapitation of the spermatozoon during immobilization 294 (Kamal et al. 1999 ). However, it would be difficult to explain the differences in DSH among the cross 295 types we have observed, as all spermatozoa were manipulated using the same protocol. 296 Finally, by comparing two data transformations used in the literature we found that only the Box- 297 Cox transformation was useful to approximate normality at least in some proportional data. We 298 suggest this transformation as a preferable method for analysis of sperm quality parameters. 299 In conclusion, we found strong evidence that intersubspecific hybridization significantly affects 300 sperm quality and these effects are dependent on sperm trait and cross type direction. The 301 proportion of sperm head abnormalities was in general increased by hybridization, the frequency of 302 dissociated sperm heads is increased in the musculus × domesticus F1 but decreased in the 303 domesticus × musculus F1 hybrids. The reported differences in sperm quality between cross types 304 may be highly relevant to male fitness in zones of secondary contact between the two house mouse 305 subspecies. The uterus junction has been described as a barrier preventing deformed sperm 306 reaching the eggs (Krzanowska, 1974 , Nestor & Handel, 1984 ; consequently, hybrids with increased 307 ASH may be targets of selection. On the other hand, head-tail dissociations have a very direct effect 308 on fitness as tailless head cannot swim through the uterine environment to reach the female 309 gametes. The cross direction asymmetry in frequency of dissociated sperm heads should favour the 310 musculus Y chromosome in nature across the hybrid zone between these two subspecies (Macholán
